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Abstract 
Electromagnetic Pumps have been used for pumping liquid sodium in auxiliary circuits such as fill and 
drain and purification circuits of sodium cooled fast breeder reactors.  Despite their low efficiency these 
pumps are used in fast reactors because of their high reliability and low maintenance  due to absence of 
moving parts. Besides, EM Pumps can be used for pumping impure sodium. IGCAR has developed 
electromagnetic pumps of various capacities and successfully used them in experimental facilities. This 
paper deals with the design, development and performance testing of a large electromagnetic pump 
called Annular Linear Induction Pump (ALIP). This  170 m3/h capacity ALIP is for use in PFBR 
Secondary Sodium Fill and Drain Circuit (SSFDC) and was introduced in the sodium circuit of SGTF 
for testing its performance. In this type of pump, a linearly traveling magnetic field is generated by 
means of circular windings placed spatially apart in slots and excited by 3-phase supply. This traveling 
field induces circulating currents in liquid sodium which generates secondary magnetic field. Interaction 
of primary magnetic field and secondary magnetic field   produces pumping force on liquid sodium.   
The pump   duct is made of SS316L. Pump winding is made up of copper with class H insulation. The 
pump is designed for 360V and for a maximum sodium temperature of 450ºC. The pump is a reflux type 
of pump with both inlet and outlet on the same side. The pump was tested in the cold leg of Steam 
Generator Test Facility (SGTF) and its performance characteristics were obtained. The efficiency of the 
pump was also calculated and compared with the theoretical value. The successful testing and operation 
of the pump in SGTF has indicated sound design and indigenous manufacturing capability. This paper 
describes the design data of the pump and details of the testing carried out in IGCAR 
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1. Introduction 
    Sodium is used as a coolant in fast breeder reactors because of its excellent neutronic and heat 
transfer characteristics. Sodium is a fairly good conductor of electricity also and this has lead to 
development of many electromagnetic sensors and devices for use in liquid sodium. One such device is 
the electromagnetic pump which is used to pump liquid sodium in auxiliary circuits of a fast reactor and 
in various test facilities.  
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Though centrifugal pumps are used for pumping sodium in the primary and the secondary circuits of the 
reactor, electromagnetic pumps have been preferred in the auxiliary circuits. Low efficiency of these 
electromagnetic pumps prohibits their use in the main sodium circuits of a fast reactor.  But their ability 
to operate even with impurities in sodium and their high reliability and almost maintenance free 
operation makes them an ideal choice. These electromagnetic pumps work on the principle that 
whenever a current carrying conductor is  placed in a perpendicular magnetic field a force acts upon it.    
There are various types of electromagnetic pumps which can be mainly classified as conduction 
electromagnetic pumps and induction electromagnetic pumps  [1]. In conduction electromagnetic pumps 
[1, 2] the electric current in sodium flows via conduction from an external circuit which requires 
physical connection of the external circuit to the duct where as in induction pumps, the current is 
induced in sodium without connecting an external circuit to the SS duct. Since no physical contact is 
there with SS duct in case of induction pumps they are considered to be more reliable compared to 
conduction pumps. Both the conduction and induction types of pumps have been developed and are in 
operation in Indira Gandhi Centre for Atomic Research (IGCAR). Induction pumps are mainly of two 
types- the Flat Linear Induction Pump (FLIP) and the Annular Linear Induction Pump (ALIP). FLIP has 
a flat duct with stator normally on upper and lower part of the duct.  It also has rectangular copper bars 
welded on its sides for providing a low resistance short circuit path and there by increasing its 
efficiency.  Besides, the flat duct is less suitable for high pressure applications therefore it was decided 
to use ALIP for Secondary Sodium Fill and Drain Circuit (SSFDC) of Prototype Fast Breeder Reactor 
(PFBR) presently under construction at Kalpakkam [3]. This pump is of flowrate 170m3/h and can 
deliver a head of 4 kg/cm2. This paper describes the design data of the pump and details of the testing of 
pump carried out at the Steam Generator Test Facility (SGTF) in IGCAR. 
1.1 Working principle of annular linear induction pump 
    Like all other electromagnetic pumps Annular Linear Induction Pump (ALIP) works on the principle 
that whenever a current carrying conductor is placed in a perpendicular magnetic field a force acts on 
the conductor. The magnitude of this force is given by F=BIL, where “I" is the current through the 
conductor, L is the length of the conductor and B is the magnetic flux density in which the conductor is 
placed. In the case of ALIP, there is  an annular region in which sodium flows, outside this annular 
region there are copper windings which are excited by 3-phase AC supply and produces a linearly 
moving magnetic field. This linearly moving magnetic field, according to Faraday’s Law of induction, 
induces a current in the liquid metal (Fig. 1). The interaction of this current and moving magnetic field 
produces a force on the sodium resulting in the pumping action (Fig 1). Figure 1 below shows the 
working principle of Annular Linear Induction Pump.  
 
Fig. 1.Working Principle of Annular Linear Induction Pump 
     
    Since the working principle of ALIP is similar to an induction motor, the equivalent circu it of ALIP 
(Fig.2) is also similar. At the same time there are some differences as compared to an inductor motor. 
Typical slip in induction motors is 0.05 or less where as for ALIP typical slip is in the range 0.4-0.9 
which leads to higher slip losses. The presence of ducts for containing sodium not only introduces 
additional resistive elements in the equivalent circuit but also leads to higher air-gap compared to that in 
an induction motor. These features lead to reduction in power factor and in efficiency when compared 
to that of an induction motor. Besides, end effects and hydraulic losses also lead to reduction in 
efficiency. 
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  R1 – Resistance of Stator Winding  
  X1 -- Leakage Reactance of Stator Winding 
  Xm – Magnetizing Reactance 
  Rf – Fluid Resistance                    Rw -  Resistance of outer duct 
  Rj -- Resistance of inner duct,       E – air-gap EMF 
  s -  Slip 
 Fig. 2. Equivalent Circuit of ALIP 
 
1.2 Details of 170m3/hr ALIP 
    Based on above mentioned principle an ALIP of flowrate 170m3/hr and head 4kg/cm2 was designed 
for use in Secondary Sodium Fill and Drain Circuit (SSFDC) of Prototype Fast Breeder Reactor 
(PFBR). Fig. 3 shows the schematic of this ALIP. 
 
Fig. 3.Sketch of 170m3/hrAnnular Linear Induction Pump 
 
    This pump is a reflux type of EM Pump in the sense that both inlet and outlet piping for liquid 
sodium are at one end (Fig. 3). Sodium enters through the inlet pipe then passes the annular space 
where pumping force acts on it and then it returns through the bore in the central core assembly where 
no force acts on it since magnetic field is not present there. This type of construction though is slightly 
difficult to manufacture, it offers convenience during maintenance. In case of any problem in the pump 
winding, the winding can be removed from the other end of the pump without cutting the  sodium pipe 
line.  
    Pump duct is made up of SS 316L and is designed as per ASME Sec VIII, Div -1. The design 
temperature is 450ºC and the design pressure is 10kg/cm2. Table 1 gives the design details of the ALIP. 
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Table 1: Design Details of ALIP 
Sl. 
No. 
Description Design Value 
1 Nominal Flow Rate 170m3/h 
2 Nominal Operating 
Temperature 
350ºC 
3 Maximum Sodium 
Temperature permissible  
450ºC 
4 Shut-off Head 9kg/cm2 at 360V (L-L) 
5 Operation Continuous 
6 Mounting Position Horizontal 
7 Pump Duct Design Pressure 10kg/cm2 
8 Line Voltage 360V, 3 Phase 
9 Frequency 50Hz 
10 Line Current 308 Amps 
11 Power Factor 0.5 at rated condition 
12 Efficiency (%) 19.3 
13 Input Power  98kW 
14 Cooling  Forced Air Cooling 
15 Number of Poles 6 
16 Slot per pole phase 2 
17 Maximum Stator Current 
Density 
3.67 Amp/mm2 
18 Tooth Flux Density 0.61 T 
19 Annular Gap for sodium 
flow 
10.5 mm 
20 Operating Slip 0.42 
 
    The winding in the ALIP is circular pan-cake type and is different from conventional winding used in 
rotating induction motors. The winding of ALIP is made from rectangular copper conductor 2.8mm 
thick and 14.2mm wide which is wound so as to give a circular winding of required number of turns. 
Then these circular windings are insulated and are placed in slots and joined so as to provide a traveling 
magnetic field. Figure 4 shows the positioning of the windings in the slots and figure 5 shows the 
connections of the coils for obtaining a traveling magnetic field  
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Pan-cake type Circular Copper winding 
 
Details of Copper winding 
Fig. 4. Details of Typical Circular Copper winding of ALIP 
 
 
Inter-connection of Stator Coils  
Fig. 5.Details of inter-connection of Stator Copper Coils 
2. Experimental set-up 
    Steam Generator Test Facility (SGTF) is constructed to test a 19 tube model of the sodium heated 
once through steam generator used in PFBR with the same process conditions. ALIP was introduced in 
the discharge line of the existing centrifugal pump prior to fired heater (Fig 6). Pressure developed 
across ALIP was measured by balancing sodium pressure at ALIP suction and discharge against cover 
gas pressure (Fig 7). For this purpose pressure pots were provided at the suction and discharge sides. 
Both the pots are identical and each pot has four numbers of discontinuous sodium level probes for very 
low, low, high and very high sodium levels. Low and high level probes are separated by 10 mm gap. 
After valving sodium in the pressure pots and by pressurizing and venting cover gas, sodium level is  
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maintained in between low and high level. Under such steady condition, cover gas differential pressure 
between the discharge and suction pressure pots gives the pressure developed by  ALIP. During testing 
flow delivered by pump was measured by using a calibrated Permanent Magnet Flowmeter (PMFM). 
    A blower capable of delivering about 4000 m3/h air flow is provided for cooling the winding of 
ALIP. It operates when winding temperature exceeds 120ºC and switches OFF when winding is cooled 
to 100ºC. 
    ALIP was operated at 80, 120, 150, 200, 250 & 300 V for sodium temperatures of 300 & 350°C. At 
each voltage level, sodium flow developed by ALIP was varied by suitably throttling the isolation 
valves of NaX and SG. Testing was done up to a maximum flow of 125 m3/h. All the important 
parameters, such as Voltage, Current, Power factor, Power, Differential pressure across ALIP, Sodium 
flow rate, Sodium operating temperature, ALIP duct and winding temperatures etc. were recorded 
during testing.   
    ALIP could not be tested up to the design parameters due to some restrictions in SGTF. Rated 
operating temperature of ALIP is 450°C. But in SGTF, ALIP is located in the cold leg, where normal 
operating temperature does not exceed 355°C. Hence, testing was done only up to 350°C. As per 
design, at the operating voltage of 360V, shut off head developed will be 9 kg/cm2. In SGTF, the design 
pressure of rupture disc at SG side is 6 kg/cm2 and design pressure of surge tank is 6 kg/cm2. Hence 
during the testing of ALIP surge tank pressure was limited to  5 kg/cm2. To limit the pressure in surge 
tank an interlock in ALIP control wiring was provided to trip the ALIP at 5.5 kg/cm2 in surge tank was 
introduced. For the same reason, maximum voltage at which ALIP could be operated was limited to 320 
V. Due to constrained mentioned above ALIP testing was limited to 300 V, 350°C and 3.5 kg/cm2 head.    
 
 
Fig. 6.ALIP in SGTF Loop during testing 
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LEGEND 
 
PP1                   -     Pressure pot 1 (Suction side) 
PP2                   -     Pressure pot 2 (Discharge side) 
DPT                   -     Differential Pressure Transmitter 
VT                   -     Vapor Trap 
FM                               -     Flow meter 
VVNa 2043, 2044       -     Manual Isolation Valves 
RTLP  -     Resistance Type Level Probe 
Fig. 7.Pressure Measurement Arrangement for ALIP 
3. Experimental results and discussion 
    The Head vs Flow curve is shown in Fig. 8. Fig. 9 depicts the efficiency at 300ºC. The efficiency 
obtained during test (18% - 19 %) is matching with the design efficiency value of 19%. The design 
power factor was 0.5 and experimentally obtained power factor was 0.48. Low efficiency is due to the 
higher air-gap and higher slip. The velocity of sodium is limited due to system constraints which lead to 
a higher slip and slip loss and therefore lower efficiency. Due to the system constraints  (see section 4) 
the testing was restricted to 300V but in PFBR this pump has to deliver 116 m3/h flow at 4 kg/cm2. The 
pump was designed to deliver 170m3/hr and 4kg/cm2 at 360V. From the test curves of the pump it is 
seen that at 116 m3/h flow, head developed by the pump is 3 kg/cm2 at 300 V. The pressure head 
developed by ALIP is proportional to square of the voltage (i.e. Head α Volt2) Thus, at 360 V this pump 
is expected to develop 4.32 kg/cm2 head by extrapolation. Hence it is concluded that this pump will 
meet the PFBR requirement of 116 m3/h flow at 4 kg/cm2 with sufficient margin.  
    Besides, during testing it was also observed that the winding temperature was maintained between 
120ºC to 100ºC with blower control logic irrespective of the sodium temperature (350ºC & 300ºC).  
    After testing the pump in SGTF it was decided to test the performance of the pump in the long run 
and so it was decided to operate SGTF with this pump only. Till now, this pump has completed more 
than 15000 hrs of operation.  
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Fig.8. Head Vs Flow Characteristics at 300ºC 
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Fig. 9.Efficiency Vs Flow at 300ºC & 300V 
4. Conclusion 
    From the test results obtained it can be concluded that the large capacity Annular Line ar Induction 
Pump designed and developed at FRTG IGCAR is capable of meeting the PFBR requirement of 116 
m3/h flow and 4 kg/cm2 head .of Secondary Sodium Fill and Drain Circuit. The successful operation of 
the pump in SGTF has proved the credibility of des ign methodology, procedure adopted and capability 
of Indian Industry to manufacture this type of pump. Reliability of the pump has been established by 
15,000 hours of its operation. 
References 
[1] Baker Richard S & Tessier Manuel J, Handbook of Electromagnetic pump Technology, Elsevier Science 
Publishing Co. Inc, New York, 1987. 
[2] B.K. Nashine, et.al, “Performance Testing of Indigenously Developed DC Conduction Pump for Sodium 
Cooled Fast Reactor”, Indian Journal of Engineering and Material Sciences, Vol.14, June 2007. 
[3] S.C.Chetal, et.al, “The Design of the Prototype Fast Breeder Reactor”, Nuclear Engineering and Design, 
Volume 236, 2006, pp. 852-860. 
 
 
 
